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ABSTRACT
Tilted and warped discs inside tilted dark matter haloes are predicted from numerical
and semi-analytical studies. In this paper, we use deep imaging to demonstrate the
likely existence of tilted outer structures in real galaxies. We consider two SB0 edge-
on galaxies, NGC 4469 and NGC 4452, which exhibit apparent tilted outer discs with
respect to the inner structure. In NGC 4469, this structure has a boxy shape, inclined
by ∆PA ≈ 3◦ with respect to the inner disc, whereas NGC 4452 harbours a discy outer
structure with ∆PA ≈ 6◦. In spite of the different shapes, both structures have surface
brightness profiles close to exponential and make a large contribution (∼ 30%) to the
total galaxy luminosity. In the case of NGC 4452, we propose that its tilted disc likely
originates from a former fast tidal encounter (probably with IC 3381). For NGC 4469,
a plausible explanation may also be galaxy harassment, which resulted in a tilted or
even a tumbling dark matter halo. A less likely possibility is accretion of gas-rich
satellites several Gyr ago. New deep observations may potentially reveal more such
galaxies with tilted outer structures, especially in clusters. We also consider galaxies,
mentioned in the literature, where a central component (a bar or a bulge) is tilted
with respect to the stellar disc. According to our numerical simulations, one of the
plausible explanations of such observed “tilts” of the bulge/bar is a projection effect
due to a not exactly edge-on orientation of the galaxy coupled with a skew angle of
the triaxial bulge/bar.
Key words: Galaxies: evolution - formation - haloes - interactions - photometry -
structure
1 INTRODUCTION
The structure of disc galaxies evolves by various internal
(Kormendy & Kennicutt 2004; Kormendy 2013) and exter-
nal (Kormendy & Bender 2012) processes. Galaxy discs can
be flared, warped, tilted and truncated (van der Kruit &
Freeman 2011). All these prominent structural features can
be explained by various evolution mechanisms, no one of
which is universally dominant.
Galactic warps, seen as large-scale distortions of stellar
and gaseous discs, when, starting at some radius, the tips
? E-mail: aleksandr.mosenkov@tdtu.edu.vn
of the outer isophotes start to bend, are very common in
the Local Universe (Reshetnikov & Combes 1998) and were
very frequent in the past (Reshetnikov et al. 2002). Opti-
cal observations show that at least 40-50% of disc galax-
ies exhibit warps to some degree (Sanchez-Saavedra et al.
1990; Reshetnikov & Combes 1998; Ann & Park 2006; Ann
& Bae 2016). Galactic warps are even more conspicuous in Hi
(Bosma 1981; Briggs 1990) and seen by Hii regions (Paladini
et al. 2004; Hou & Han 2014). The main proposed mecha-
nisms to explain this phenomenon are misalignment between
the disc and dark halo (Debattista & Sellwood 1999; Ideta
et al. 2000), accretion onto the disc (Ostriker & Binney 1989;
Jiang & Binney 1999; Shen & Sellwood 2006; Rosˇkar et al.
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2010), tidal interaction due to fast encounters (Vesperini &
Weinberg 2000; Kormendy & Bender 2012; Kim et al. 2014;
Semczuk et al. 2020), intergalactic magnetic fields (Battaner
et al. 1990; Battaner & Jimenez-Vicente 1998; Guijarro et al.
2010), and discrete bending modes (Sparke & Casertano
1988; Revaz & Pfenniger 2004).
Another important process, disc tilting, is a change of
the overall angular momentum (vector) of the disc with time
whereas disc warping implies that the direction of the angu-
lar momentum vector changes with galactocentric radius. In
essence, disc tilting manifests itself as a slewing of the disc
plane with time, with respect to its current orientation in the
space. There are different processes which can cause galac-
tic discs to tilt (see e.g. introduction in Earp et al. 2019):
minor merging events (Ostriker & Tremaine 1975; Huang &
Carlberg 1997; Kazantzidis et al. 2009; Bett & Frenk 2012),
tumbling of dark matter haloes (Bailin & Steinmetz 2004;
Bryan & Cress 2007; DeBuhr et al. 2012), and gas cooling
onto the disc plane (Debattista et al. 2015; Earp et al. 2019).
If a galaxy experiences an infall of a satellite, its disc also
exhibits two other dynamical responses: warping and thick-
ening (Huang & Carlberg 1997; Read et al. 2008; Kazantzidis
et al. 2009; Sadoun et al. 2014). Tilting cannot be observed
directly due to its extremely low tilting rate, even as com-
pared to a typical galaxy rotation period (∼ 5◦Gyr−1, Bailin
& Steinmetz 2004; Yurin & Springel 2015). However, the
existence of some distinctive features in the disc structure,
such as conspicuous S-shape warps or strong disc thickening
may indirectly point to disc tilting or the result of a satellite
accretion.
It was found that the angular momentum of the hot
gas corona around galaxies, shock heated due to the falling
of external gas into the dark matter’s potential well, is usu-
ally misaligned with that of their stellar disc (van den Bosch
et al. 2002; Rosˇkar et al. 2010; Velliscig et al. 2015; Stevens
et al. 2017). When the hot coronal gas cools, it settles into
the disc (Fall & Efstathiou 1980; Keresˇ et al. 2005) and con-
tributes misaligned angular momentum to the disc, which
results in the disc tilting (Debattista et al. 2015; Earp et al.
2019). Consequently, it was found that the principal axes of
dark matter haloes in blue star-forming galaxies are gener-
ally misaligned with the principal axes of their discs (Yang
et al. 2006; Wang et al. 2008).
According to kinematic studies of nearby lenticular
galaxies, misalignments between their stellar discs and
gaseous components (from 40% to 60% of early-type galax-
ies have cool and ionized gas, Welch & Sage 2003; Sage
& Welch 2006; Welch et al. 2010; Davis et al. 2011; Serra
et al. 2012) are frequent (see e.g. Bertola et al. 1992; Kui-
jken et al. 1996; Sil’chenko & Moiseev 2006; Sil’chenko et al.
2009; Katkov et al. 2011; Davis et al. 2011; Katkov et al.
2013, 2015; Proshina et al. 2020). Davis et al. (2011) showed
that misaligned gaseous subsystems are four times more fre-
quent in field lenticular galaxies than in those residing in a
cluster. Among strictly isolated nearby S0s, Katkov et al.
(2014) found that half of all ionized-gas discs counterrotates
the stars (see also Katkov et al. 2015). Recently, Sil’chenko
et al. (2019) studied a sample of 18 S0 galaxies and found
five galaxies with strongly inclined ionized gas discs. Some
fraction of the gas observed in many S0s seems to be accreted
in recent events, either due to tidal disruptions of massive
gas-rich satellites (Kaviraj et al. 2009, 2011) or gas accretion
Figure 1. Difference between disc tilting and warping. The warp
angle Ψ and the warp radius rW, where a warp starts, are also
shown. The angle between the two different planes of the inner
and outer discs in the bottom sketch is shown as ∆PA.
from cosmological filaments (Thakar & Ryden 1996, 1998;
Keresˇ et al. 2005; Dekel & Birnboim 2006).
Another interesting effect of disc tilting might be mis-
alignment between inner and outer disc structures in edge-
on galaxies. In this paper by inner and outer structures we
mean that they are separated not only radially, but also
vertically, so that an inner structure is enclosed in an outer
structure. By tilting of a component we will call an obser-
vational effect where this component, as a whole, shows a
different position angle than the general galaxy plane. Note
here that we distinguish tilting from warping, which mani-
fests itself in a vertical distortion of the disc starting at some
radius, though both can have the same origin. The differ-
ence between disc warps and tilts is illustrated in Fig. 1. To
this day, based on deep imaging, there has been no convinc-
ing observational evidence that the rather faint outer stellar
structure in edge-on galaxies may exhibit tilting relative to
the inner region in the sense that the inner and outer struc-
tures lie in different planes (see, however, our note below).
Edge-on galaxies, as the best targets to study the vertical
galaxy structure and disc tilting, were extensively studied
in the optical and near-infrared (de Grijs & van der Kruit
1996; Kregel et al. 2002; Mosenkov et al. 2010; Comero´n
et al. 2011; Mart´ın-Navarro et al. 2012; Bizyaev et al. 2014;
Ciambur & Graham 2016; Comero´n et al. 2018), including
deep observations (Mart´ınez-Delgado et al. 2010; Miskolczi
et al. 2011; Morales et al. 2018; van Dokkum et al. 2019;
Gilhuly et al. 2019), but no systematic difference between
the position angles in the inner and faint outer galaxy re-
gions was noticed, except for Mosenkov et al. (2020) where
they studied the outer shape of edge-on galaxies and found
several galaxies with tilted outer isophotes. The current pa-
per is a follow-up study of Mosenkov et al. (2020).
In the present paper, we consider a surface photome-
try of two SB0 galaxies with an apparent tilt of the outer
structure with respect to the inner one as it represents a
different disc which has a different position angle than the
inner disc. NGC 4469 has been noted in Mosenkov et al.
(2020), where they investigated deep imaging of 35 edge-
on galaxies selected from the Halos and Environments of
MNRAS 000, 1–17 (2020)
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Nearby Galaxies (HERON) survey (Rich et al. 2019). We
should note that M 82, the Cigar galaxy, which was also
observed in the framework of the HERON survey, likewise
shows tilted isophotes in the periphery (see Fig. 2), which
may be associated with its spiral arms (Mayya et al. 2005)
or a disc warp (Notni & Bronkalla 1983). Also, this galaxy
shows evident signs of interaction with its neighbour M 81
(Yun et al. 1993). Taking into account the foregoing argu-
ments and the peculiar nature of this well-known starburst
galaxy (Rieke et al. 1980; Heckman et al. 1990), we decided
not to consider M 82 in our study. Another galaxy with a
prominent tilted outer structure, NGC 509, which was clas-
sified by Mosenkov et al. (2020) as an edge-on galaxy, is in
fact not so highly inclined, therefore we rejected it as well.
In this study we do not consider another remarkable edge-on
galaxy from the HERON survey with an apparent tilt of the
outer structure, NGC 4638, which exhibits a tilt of the bright
stellar halo with respect to the disc. We are about to con-
sider this galaxy among other edge-on galaxies with tilted
bright haloes in our further paper, whereas in this study
we mainly focus on tilted disc components. In addition to
NGC 4469, NGC 4452 was chosen for this study incidentally,
during a visual inspection of the EGIS catalogue of edge-on
galaxies (Bizyaev et al. 2014). Using the technique described
in Sect. 2 (see also Morales et al. 2018), we are likely to find
more objects with such faint outer structures in our further
studies.
Kormendy (1982) discussed isophote twists in non-edge-
on galaxies which can be the result of tidal effects due to a
close (or close in the past) companion. The best example is
the spheroidal galaxy NGC 205 which exhibits an isophote
twist toward M 31. Michard & Marchal (1993) (see also
Michard & Marchal 1994) found small twists of the isophotes
for 10 nearly edge-on S0 galaxies, which are manifested in
small trends in their major axis position angles and one of
the Fourier harmonics responsible for the isophote asymme-
try. They attributed this change of the position angle to a
small difference of the major axis orientation between the
central component (a bulge and/or bar) and an outer com-
ponent (a disc or a halo). They estimate this tilt of a few
degrees between the equatorial planes of these components,
and claim that it is not associated with spiral arms and
disc warps. Here we should note, however, that we revisited
a photometry of these galaxies using the data preparation
method described in Sect. 2 and established that all galax-
ies, except for NGC 4638, show either an inner twist of an
inner triaxial structure (possibly, a bar) or ‘a tilt’ of the
halo, but the estimated edge-on orientation of these galaxies
is either questionable (e.g. NGC 2732 and NGC 7332) or not
true (e.g. NGC 4036 and NGC 4251). It is evident that when
there are triaxial components in a flat disc that has one tilt
angle to the line of sight, then isophotes at different surface
brightnesses will necessarily have different position angles.
But how important this effect is when we consider almost
edge-on galaxies? Do we observe edge-on galaxies with inner
components with position angles that are different from that
of the main disc? For a pedagogical purpose, in this paper
we consider several not exactly edge-on galaxies (including
NGC 509 in Appendix A) which exhibit tilting of the inner
structure similar to those reported by Michard & Marchal
(1993). We show that these structures may be, in fact, bars
which appear tilted due to the projection effect.
This paper is organized as follows. In Sect. 2 we describe
the data and image preparation for the two selected galaxies
with possible titled outer discs. In Sect. 3, we consider in
detail each of the selected galaxies. We discuss our results
in Sect. 4 and make final conclusions in Sect. 5.
2 THE DATA
Here we describe the data for NGC 4452 and NGC 4469,
which we use in our photometric analysis in Sect. 3. For
NGC 4469, its deep image has been considered in the frame-
work of the HERON survey (Rich et al. 2019; Mosenkov
et al. 2020). However, here we analyse observations of both
galaxies obtained from the Sloan Digital Sky Survey DR16
(SDSS, York et al. 2000; Ahumada et al. 2019) and the
DESI Legacy Imaging Surveys DR8 (hereafter Legacy, Dey
et al. 2019). This allows us to 1) explore the faint outer
structure of these galaxies down to the same level of depth,
and 2) study their colour maps. Also, the resolution in these
surveys is better than in the HERON survey, although their
imaging is shallower (below, however, we describe how we
increase their depth by stacking galaxy images in several
optical wavebands, as proposed in Miskolczi et al. 2011 and
Morales et al. 2018). In principal, we could limit ourselves to
use SDSS but Legacy has deeper imaging and a better res-
olution (see below), therefore we decided to use both data
sources. Our image preparation is organized as follows1.
Using a special Python script to download and con-
catenate adjacent fields from the SDSS archive2, we retrieve
galaxy images for both galaxies in the gri bands (the u and z
bands are rather shallow, Fukugita et al. 1996, so we do not
use them) in an automated regime. Also, we download cor-
responding Point Spread Function (PSF) images (extracted
from the respective psFields files) in the same wavebands.
These tiny images describe the core PSF (seeing), but for
the wings of the scattered light we use an extended PSF
from Infante-Sainz et al. (2020), which we rotate to align
the drift scanning direction of the image with the drift scan-
ning direction of the PSF. We then merge the inner (core)
and outer (extended) PSFs by normalising them in an an-
nulus 5′′ in width where the two PSFs overlap. After that,
the galaxy images in the g and i bands are resampled to
the r band using the created extended PSFs by means of
the pypher3 package (Boucaud et al. 2016) suited for PSF
matching.
After that, for each galaxy image we create a segmen-
tation map using SExtractor (Bertin & Arnouts 1996) and
increase the size of the regions of the general mask by a fac-
tor of two, to ensure that our mask covers all faint scattered
light in the image. Then we apply the created mask and fit
the background with a first order polynomial and subtract it
from the initial image. Finally, we stack the galaxy images in
all three bands — this increases the signal-to-noise ratio and,
consequently, reduces the root-mean-square (rms) of the
background. For this purpose we use the IRAF/IMCOMBINE
1 It is realised with a dedicated Python package IMAN https:
//bitbucket.org/mosenkov/iman_new
2 https://github.com/latrop/sdss_downloader
3 https://github.com/aboucaud/pypher
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Figure 2. HERON image for NGC 3034 (left plot) and its superimposed isophotes from 20 to 26 mag/arcsec2 (right plot).
procedure. In the resultant image we select good PSF (unsat-
urated) stars and measure the total fluxes of these stars us-
ing a procedure from the Python package photutils. Then
we cross-correlate the selected stars with the SDSS database
to retrieve their apparent magnitudes in the r band. By so
doing, we are able to perform photometric calibration of the
stacked image and estimate its zero-point in the r band.
The procedure of stacking the three wavebands together al-
lows us to improve the depth of the imaging by 1.1 mag, on
average: 26.5 mag/arcsec2 for the individual bands versus
27.6 mag/arcsec2 for the stacked images, calculated at the
3σ level in a box of 10 × 10 arcsec2 (we make use of this
notation from Fliri & Trujillo 2016 throughout the paper).
In our final step, we mask out all objects which do not
belong to the target galaxy. To do this, we use a special
Python script from the IMAN package which is based on the
mtobjects tool4 (Teeninga et al. 2015): it effectively identi-
fies all objects in an image and is robust for masking even
in an automatic mode without a special tuning of input pa-
rameters.
The same pipeline is applied to the Legacy images in
the grz bands, except that we do not do image resampling,
as, at the moment, no extended PSFs have been produced
for the Legacy imaging. We should note, however, that the
image resampling is not a necessary step for enhancing the
depth of the images and we only do this to be able to carry
out photometric decomposition of the stacked SDSS galaxy
images (see Sect. 3) using the matched PSFs. The image
stacking of the Legacy data allows us to create final images
with a depth of 28.3 mag/arcsec2 calibrated to the r band.
We also use observations in the NUV band from the
Galaxy Evolution Explorer (GALEX, Martin et al. 2005;
Bianchi et al. 2014) and observations in the W1 band
(3.4µm) from the the Wide-field Infrared Survey Explorer
(WISE, Wright et al. 2010) to estimate the NUV−r colour
and the total stellar mass of the galaxies, respectively (see
Sect. 3.2). The images were prepared using the above de-
scribed routines except for image stacking.
4 https://github.com/CarolineHaigh/mtobjects
3 ANALYSIS OF THE DATA
3.1 The methods
For each galaxy, we carry out an IRAF/ELLIPSE (Jedrzejew-
ski 1987) fit of the galaxy isophotes. We consider the dis-
tributions of the position angle PA, ellipticity  = 1 − b/a
(where a and b are the semi-major and semi-minor axes,
respectively) and the B4 coefficient, which characterises the
shape of the isophotes, see below. Also, we provide a 2D pho-
tometric model, consisting of several structural components,
using the IMFIT code (Erwin 2015). We use its standard
Levenberg-Marquardt algorithm for finding the optimal fit
parameters. To estimate indicative uncertainties on our fit
parameters, we vary the sky level using a set of Monte-Carlo
simulations (10 attempts) with the sky rms determined in
Sect. 2. For uniformity, to fit the 2D intensity distribution
for each structural component of the galaxies under study,
we use a Se´rsic function (Se´rsic 1963, 1968) with the follow-
ing major-axis intensity profile:
I(r) = Ie exp
{
−bn
[(
r
re
)1/n
− 1
]}
, (1)
where Ie is the surface brightness at the effective (half-light)
radius re and n is the Se´rsic index controlling the shape of
the intensity profile. The function bn is calculated via the
polynomial approximation in Ciotti & Bertin (1999) (when
n > 0.36) and MacArthur et al. (2003) (when n ≤ 0.36).
In our fits we consider generalised ellipses (Athanas-
soula et al. 1990; Erwin 2015) with the following free pa-
rameters: position angle PA, ellipticity  , and C0, which con-
trols the discy/boxy view of the isophote (when C0 < 0 the
isophotes look discy, whereas they become boxy if C0 > 0
and C0 = 0 if the isophotes can be represented by pure el-
lipses). Note that one of the output Fourier coefficients of
the IRAF/ELLIPSE procedure, the B4 coefficient, also charac-
terises the discyness/boxyness of the isophotes, so that when
B4 > 0 the isophotes are discy and they look boxy if B4 < 0.
Apparently, there is a link between C0 and B4, but as they
are derived using different approaches, the relation between
them is not direct. Thus, we use both when needed.
We denote by f the fraction of light in a given compo-
nent according to our models.
We should note here that we neglect the influence of
dust on the estimated parameters of the photometric com-
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ponents. Although this assumption can be rather strong (as
we can see below, NGC 4469 shows some traces of dust in the
central galaxy region), the fraction of bolometric luminos-
ity absorbed by dust in early-type (Hubble stage T < 0.5)
galaxies is estimated to be 7.4 ± 0.8%, on average, versus
24.9 ± 0.7% for late-type (T ≥ 0.5) galaxies (Bianchi et al.
2018). Smith et al. (2012) also show that the stellar discs
in S0s contain much less dust than the discs in late-type
spirals.
3.2 General information on the galaxies
In Table 1, we list some general characteristics for both
galaxies using their stacked images calibrated with the cor-
responding zero points in the r band. We measured the total
(asymptotic) magnitudes of the galaxies, along with the op-
tical radii r25 at the isophote 25 mag/arcsec2, using their
curves of growth based on the performed IRAF/ELLIPSE fit-
ting.
As one can see, both galaxies are classified as SB0. The
two galaxies do not differ significantly in luminosity and
represent quite modest by mass and size disc galaxies (see
e.g. Shen et al. 2003) with possible recent star formation:
Kaviraj et al. (2007) showed that early-type galaxies with
NUV−r < 5.5 might have experienced recent star formation
(both NGC 4452 and NGC 4469 show colours close to this
boundary value). However, NUV−r < 5.5 may also be re-
lated to the presence of evolved hot stars, the UV-upturn
(Greggio & Renzini 1990).
We also present the mean colours (g − z) for the in-
ner region, outlined by an isophote of 24 mag/arcsec2, and
the outer region between the isophotes 24 mag/arcsec2 and
26 mag/arcsec2 (columns (9) and (10) in Table 1). As one
can see, the outer region is slightly bluer than the inner one
for both galaxies, but this difference is insignificant.
3.3 Description of each galaxy
Below we consider each of the selected galaxies in detail.
We compare the created deep images for NGC 4452
(SDSS, Legacy) and NGC 4469 (HERON, SDSS, Legacy)
and conclude that both galaxies show a tilted outer structure
with respect to the inner one. Below we show the stacked
images, isophote and colour maps, as well as the results of
the isophote analysis, based on the Legacy data. We use
the stacked SDSS images to perform multicomponent de-
composition, mainly to derive the parameters for the outer
component, which is of great interest in the current study.
The HERON image for NGC 4469 can be found in fig. A1
in Mosenkov et al. (2020).
Both galaxies show the same difference between the
total magnitude at the isophote 25 mag/arcsec2 and
28 mag/arcsec2, according to their curves of growth, as
0.09 mag, or an increase of 8.6% of the flux within the optical
radius.
3.3.1 NGC4452
NGC 4452 is an SB0 edge-on galaxy close to the centre of
the Virgo cluster. Kormendy & Bender (2012) classified it
as S0c, according to their updated van den Bergh’s (van den
Bergh 1976) parallel-sequence classification of galaxies. In
Fig. 3, one can see an inner disc of high surface brightness
with a sharp edge. The very thin inner structure gives us
a hint that this galaxy is exactly edge-on or very close to
it. The outer disc exhibits a remarkable tilt and warping
increasing towards the periphery. Michard & Marchal (1994)
observe a twist of the isophotes which they attribute to a
warped thick disc as in NGC 4762. Sandage & Bedke (1994)
and Kormendy & Bender (2012) also find NGC 4452 similar
to NGC 4762. Our deep images do not reveal any interesting
LSB features around NGC 4452.
In Fig. 4, one can see a steady increase of the position
angle where the inner structure (disc or ring) is cut off: from
r ≈ 37′′ to the periphery the position angle changes up to
19◦. According to figure 8 in Kormendy & Bender (2012),
who used a high-resolution HST ACS F475W image to study
the photometry of this galaxy in great detail, the inner struc-
ture is very flat ( & 0.9), whereas due to the poor resolution
of our stacked image the inner structure is smeared out and
shows a lower flattening ( ≈ 0.77). The advantage of this
work is that we can study the galaxy out to very low surface
brightness where the outer structure becomes very thick (up
to  ≈ 0.5 for r & 190′′ in Fig. 4). The galaxy shows discy
or oval isophotes at all radii (B4 & 0). Its outer structure is
remarkably discy.
Ferrarese et al. (2006) find that there is no significant
colour difference between the different components of the
galaxy, except that its inner (nucleus) disc is bluer than the
outer discs. Our lower-resolution colour map in Fig. 5 shows
that the inner structure is red whereas the colour distri-
bution above and below the galaxy plane is slightly bluer.
Also, we note a prominent colour gradient (see Fig. B1 in
Appendix B): the galaxy is getting bluer at larger radii from
the centre. Consolandi et al. (2016) studied radial profiles of
galaxies in the Coma and Virgo superclusters and found that
early-type galaxies show no colour gradients. However, as no
internal extinction correction was applied to NGC 4452, its
colour gradient may naturally arise from the non-negligible
presence of dust which affects the colour distribution espe-
cially along the galaxy plane, though we see no sign of dust
in this galaxy. Also, we can clearly see that the red inner disc
has a prominent flaring and warping. The two more reddish
regions, located symmetrically with respect to the galaxy
centre in the plane (depicted by two yellow ovals) probably
point to a lens (a shelf-like feature in the surface brightness
distribution) or, less likely, a ring structure. As shown in
many studies, inner rings are not common in SB0 galaxies,
whereas bars, often embedded in lenses of the same major-
axis size, are often observed in such galaxies (Sandage 1961;
Kormendy 1979, 1982; Buta et al. 2007; Kormendy 2013).
Comero´n et al. (2014) suggest, however, that about half of
S0 galaxies have inner rings, though many of them do not
have current or recent star formation (Comero´n 2013). Also,
lenses are seen in some galaxies that have no bars at all (e. g.,
NGC 1553: Freeman 1975; Kormendy 1984, 2013). Overall,
as there is no detection of Hi for this galaxy in HyperLeda
(Serra et al. 2012 give logM(Hi)< 7.27, where masses are
in Solar units), the star formation is probably very low and
should be consistent with what we observe in regular S0
galaxies.
As emphasized in Kormendy (1979) and based on the
standard definitions and common illustrations in de Vau-
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Table 1. Main parameters of the selected galaxies.
Galaxy RA DEC D Type r25 r25 mr Mr NUV−r log M∗ 〈g − z 〉o 〈g − z 〉i
(J2000) (J2000) (Mpc) (arcmin) (kpc) (mag) (mag) (mag) (M) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC 4452 12:28:43 11:45:18 16.8 SB0 2.07 10.10 11.62 -19.51 5.32 9.95 1.15 ± 0.07 1.24 ± 0.16
NGC 4469 12:29:28 08:44:59 16.8 SB0-a 2.94 14.30 10.85 -20.28 5.49 10.46 1.29 ± 0.11 1.32 ± 0.34
Coumns:
(1) Distance taken from the NASA/IPAC Extragalactic Database (NED) which is based on Tully & Fisher (1988) and
calculated using the Tully-Fisher method (Tully & Fisher 1977). The method of surface brightness fluctuations (Tonry &
Schneider 1988), applied by Mei et al. (2007) for 79 galaxies of the Virgo cluster, gives the mean distance D = 16.5 Mpc for
“all galaxies (no W’ cloud)”, which is close the the distances adopted in this paper.
(2) Morphological type from HyperLeda,
(3), (4) semi-major axis of the isophote 25 mag/arcsec2 in the r band,
(5), (6) asymptotic magnitude in the r band taking into account the Galactic extinction from Schlafly & Finkbeiner (2011),
(7) colour based on the GALEX and SDSS photometry (corrected for the Galactic extinction but not corrected for the
internal dust attenuation),
(8) total stellar mass computed from the galaxy luminosity in the WISE W1 band and using the prescriptions from Wen
et al. (2013),
(9) mean colour for the region between the isophotes 24 mag/arcsec2 and 26 mag/arcsec2 (corrected for the Galactic extinc-
tion but not corrected for the internal dust attenuation),
(10) mean colour for the region within the isophote 24 mag/arcsec2 (corrected for the Galactic extinction but not corrected
for the internal dust attenuation).
Figure 3. Stacked Legacy grz image for NGC 4452 (left plot) and its superimposed isophotes from 20 to 26 mag/arcsec2 (right plot)
couleurs (1959); Sandage (1961); Kormendy (1982); Sandage
& Bedke (1994); Buta et al. (2007); Kormendy (2013), bars
and lenses in early-type galaxies 1) both have very slowly de-
creasing surface brightnesses along their long axes (along any
axis, for a lens) and then a sharp outer edge (they represent
“shelves” in their surface brightness profiles); 2) bars have
higher surface brightnesses than the lenses in which they
are commonly embedded; 3) most often, the bar exactly fills
the lens along its longest dimension. Using these facts, Kor-
mendy & Bender (2012) clearly distinguish five Se´rsic com-
ponents in NGC 4452: a nuclear stellar cluster (n = 0.7), a
small pseudobulge (n = 1.1), a bar at a skew angle (not along
the line of sight and not perpendicular to it) with n = 0.18, a
lens component (with n = 0.2), and an outer disc. In our de-
composition we adopt the geometrical model by Kormendy
& Bender (2012) for the four inner (thin or tiny in our SDSS
image) components (the nucleus, the pseudobulge, the bar,
and the lens), implying that their geometry was well fitted
by Kormendy & Bender (2012) (due to the high resolution
of the HST image used as compared to our SDSS image) and
very sharp edges of the bar and the lens. Also, we assume
that the geometry of these components does not change sig-
nificantly for the HST ACS F475W and SDSS r filters. In
our fitting, we only fit the effective surface brightnesses and
C0 of these components. Note that we adopt the ellipticities
of these components from Kormendy & Bender (2012) (see
their figure 8) and keep them fixed in our decomposition. In
contrast to the 1D fitting in Kormendy & Bender (2012),
here we fit the overall 2D surface brightness distribution in
NGC 4452, – this allows us to take into account the flatten-
ing, position angle and disciness/boxyness parameters for
the remaining components – an inner disc (which is espe-
cially visible in the colour map, see Fig. 5, as a red colour
component in the main galaxy plane) and a slightly bluer
tilted outer disc. In the cases of the nucleus and the bulge,
which are too tiny in our SDSS image to be well resolved,
the C0 parameter is set to 0, that is it implies pure elliptical
isophotes.
In total, our model consists of six components, four of
which have the fixed geometry as derived in Kormendy &
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Table 2. Results of the IMFIT fitting NGC 4452 for the stacked
SDSS image. In parentheses we list the IMFIT functions which we
use for describing each galaxy component. The fixed parameters
are marked by *.
Component Parameter Value Units
1. Nucleus: PA∗ 90.0 deg
(Se´rsic)  ∗ 0.25
n∗ 0.68
µe,r 16.53 ± 0.56 mag/arcsec2
r∗e 0.11 arcsec
r∗e 0.009 kpc
f 0.001 ± 0.0003
2. Bulge: PA∗ 90.0 deg
(Se´rsic)  ∗ 0.7
n∗ 1.06
µe,r 19.00 ± 0.40 mag/arcsec2
r∗e 2.10 arcsec
r∗e 0.17 kpc
f 0.019 ± 0.008
3. Bar: PA∗ 90.0 deg
(Se´rsic GenEllipse)  ∗ 0.95
C0 0.42 ± 0.33
n∗ 0.18
µe,r 19.12 ± 0.04 mag/arcsec2
r∗e 11.98 arcsec
r∗e 0.97 kpc
f 0.055 ± 0.001
4. Lens: PA∗ 90.0 deg
(Se´rsic GenEllipse)  ∗ 0.92
C0 4.93 ± 2.35
n∗ 0.20
µe,r 19.75 ± 0.04 mag/arcsec2
r∗e 23.46 arcsec
r∗e 1.90 kpc
f 0.223 ± 0.004
5. Disc: PA 90.5 ± 0.2 deg
(Se´rsic GenEllipse)  0.76 ± 0.03
C0 −0.56 ± 0.35
n 0.80 ± 0.27
µe,r 20.62 ± 0.30 mag/arcsec2
re 26.42 ± 1.48 arcsec
re 2.14 ± 0.12 kpc
f 0.398 ± 0.159
6. Disc: PA 95.5 ± 2.3 deg
(Se´rsic GenEllipse)  0.66 ± 0.01
C0 −0.72 ± 0.11
n 0.94 ± 0.33
µe,r 23.29 ± 0.50 mag/arcsec2
re 65.93 ± 10.62 arcsec
re 5.34 ± 0.86 kpc
Mr −18.23 ± 0.37 mag
f 0.304 ± 0.104
r28 3.83 ± 0.19 arcmin
r28 18.62 ± 0.93 kpc
Figure 4. Results of the IRAF/ELLIPSE fitting of NGC 4452 for
the stacked Legacy data. The galaxy image is rotated so that the
plane of the inner structure is horizontal (the PA offset is 58.9◦).
The red line shows the model.
Figure 5. Colour (g − z) map based on the Legacy data for
NGC 4452 up to the isophote 26 mag/arcsec2 in the g band.
Bender (2012) and for the two outer components (discs)
all parameters left free during the fitting. The results of
our decomposition (see Table 2 and Fig. 6) confirm that
the two outer components are indeed discs – their Se´rsic
indices are close to 1. The radial distribution in an edge-
on transparent exponential disc is described by the func-
tion r/h · K1(r/h), where h is the disc scalelength and K1
is the modified Bessel function of the second kind (van der
Kruit & Searle 1981). If one fits a Se´rsic function to this
distribution, the Se´rsic index will be n ≈ 0.8 − 0.9 – this
is what we derive for both the discs in NGC 4452. Also,
their negative parameters C0 show that these components
have discy, diamond-like isophotes. Interestingly, the less
extended disc coincides with the plane of the inner com-
ponents, whereas the outer disc is inclined by ∼ 8◦ with
the plane of the inner structure. The outer tilted disc has
a rather large contribution to the total galaxy luminosity
(≈ 30%), despite the very low deprojected central surface
brightness µface−on0,r = 22.77 mag/arcsec
−2 (for comparison, in
the EGIS catalogue 〈µface−on0,r 〉 = 21.56 ± 0.81 mag/arcsec−2).
However, its radial scalelength is also unusual (h = 3.51 kpc)
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given its very low central surface brightness (see the correla-
tion between the face-on central surface brightness and disc
scalelength in figure 2 in Fathi 2010 and discussion in van
der Kruit & Freeman 2011). It should also be noted that
this disc has a very small flattening  = 0.66 as compared
to 〈〉 = 0.79 ± 0.05 for the EGIS galaxy discs. The inner
disc, however, has typical characteristics for edge-on discs:
〈µface−on0,r 〉 = 20.78 mag/arcsec−2, h = 1.75 kpc, and  = 0.76.
In Fig. 4 we superimpose the results of the
IRAF/ELLIPSE fitting for our model. One can see that the
model follows the observation fairly well. The increase of the
position angle at large radii points to a warp of the outer
tilted disc. Taking into account the above said, the outer disc
can be considered as a tilted warped thick disc, whereas the
inner disc is a warped and flared thin disc.
3.3.2 NGC4469
According to HyperLeda, this galaxy is classified as SB0-
a. As NGC 4452, it also belongs to the Virgo cluster, but
it is located far out from its centre (given the distance to
the cluster 16.5 Mpc, the projected distance from its centre
to NGC 4469 is 1.05 Mpc versus 0.24 Mpc for NGC 4452).
Ciambur & Graham (2016) studied a prominent “hump” X-
structure, which represents a manifestation of a side-on bar
in edge-on galaxies (see e.g. Combes et al. 1990; Lu¨tticke
et al. 2000). According to the results of their isophote fitting,
it is obvious that they do not consider the outer structure
of this galaxy (see their figure A1): their isophotes do not
extend deeper than ≈ 24 mag/arcsec2.
Corte´s et al. (2015) give a detail description of
NGC 4469 in their appendix and note slightly twisted outer
isophotes with respect to its inner disc. However, we found
that the name NGC 4469 should be replaced there by
NGC 4569, as NGC 4469 does not appear anywhere else in
their study, whereas NGC 4569 is truly considered.
Jo et al. (2018) detected an appreciable extraplanar Hα
and UV emission, which is associated with diffuse extra-
planar ionized gas and extraplanar dust. This vertically ex-
tended dust can effectively scatter UV starlight and Hα from
Hii regions located in the galactic plane.
Hendy et al. (2016) measure a rather strong warp of the
disc in NGC 4469 by estimating the warp degree using the
areas of an outer isophote and its fitted ellipse.
Mosenkov et al. (2020) detect boxy/oval (C0 = 0.4)
isophotes for the outer structure in NGC 4469. The HERON
observation (Rich et al. 2019) of this galaxy clearly shows
that the outer structure is tilted by several degrees with re-
spect to the inner one. Here, using the SDSS and Legacy
imaging, we confirm their result. Fig. 7 shows a thick boxy
outer structure (a disc) which indeed has a prominent tilt.
None of the deep observations, which we considered for this
galaxy, does reveal any LSB details near NGC 4469.
Its inclination i, based on a patchy dust structure in
the galaxy centre, was estimated in Mosenkov et al. (2020)
as 88◦. However, here we re-estimated the inclination based
on the GALEX NUV image, which, together with the op-
tical images under study, shows a ring-like structure (it is
also evident from a colour map, see below). For this ring
we identified its abrupt edges and, based on its shape, we
can use the formula (A1) i = arccos(∆z/R) from Mosenkov
et al. (2015), where R is the radius of the observed ring-like
structure and ∆z is the maximum projected height of the
inclined structure above (or below) the galaxy plane. We
measured these parameters to be R = 100.8′′ and ∆z = 14.4′′
and computed the galaxy inclination as approximately 82◦.
The visual inspection of the results of the isophote fit-
ting in Fig. 8 reveals a change of the position angle of ≈ 8◦,
starting from the radius 75′′ up to the outermost isophotes.
The inner region within 10′′ shows a round ( ≈ 0, B4 ≈ 0)
component (bulge) which is surrounded by a prominent boxy
(X-shape) bar (B4 < 0 up to r ≈ 70′′). At radii 75′′ to 150′′,
we can see discy isophotes, which are probably related to a
highly inclined inner ring. The slightly tilted outer structure
at r & 200′′ exhibits conspicuous boxy isophotes (B4 < 0).
Our (g− z) map in Fig. 9 obviously exhibits some traces
of the patchy dust over the galaxy body (depicted by pink
and yellow smudges), mainly in the central galaxy region.
We can clearly see blue tips of an inner structure (possibly,
a ring) and a reddish X-structure, surrounded by a blueish
outer disc. The colour profile in Fig. B1 shows a very red
central region (the internal extinction is one of the main
reasons of this peak) and a steady blueing with radius where
the disc dominates. The comparison with NGC 4452 shows
that the disc of NGC 4469 is slightly redder. Nevertheless,
as Hi mass is estimated to be 4.9 × 107M (calculated as
MHI = 2.36 × 105 × D2 × FHI, where the total flux FHI in
Jy km s−1 is taken from Table 1 in Taylor et al. 2012) and
the emission lines in its SDSS spectrum are excited by star
formation.
Our decomposition model for this galaxy includes four
primary components: bulge, bar, ring, and disc. For unifor-
mity, each of them is described by a Se´rsic function. The
results of the decomposition are listed in Table 3. The good-
ness of the model is shown in Fig. 10. In Fig. C1, we show
a surface brightness profile with a superimposed decompo-
sition model.
According to our decomposition results, the bulge has
an exponential profile (n ≈ 1.3) which makes it a pseudobulge
(we admit, however, that due to internal dust extinction, the
parameters of the bulge may be unreliable). The bright bar
is significantly puffed up in the vertical direction ( = 0.3).
Its profile is close to exponential (n ≈ 0.8) and the isophotes
are extremely boxy (C0 = 9), which can be explained by the
tremendous X-structure. Many or even most well developed
bars have gone through a phase of vertical buckling insta-
bility that results in a boxy-shaped or even X-shaped in-
ner structure (Combes & Sanders 1981; Combes et al. 1990;
Pfenniger & Norman 1990; Pfenniger & Friedli 1991; Raha
et al. 1991; Athanassoula & Misiriotis 2002; Athanassoula
2005; Martinez-Valpuesta et al. 2006; Smirnov & Sotnikova
2019). The third component, which looks like a diamond-like
disc, has a small Se´rsic index (n ≈ 0.4) and shows a smooth
truncation at µr = 21.8 mag/arcsec2. We suppose that this
component more closely resembles a ring (or, less likely, a
tightly wound spiral). Its blue colour, unlike the reddish bar,
shows that this component probably is not a lens (Herrera-
Endoqui et al. 2017). The outer disc, as in the case of
NGC 4452, is also close to exponential (n ≈ 0.8), but, in con-
trast, has boxy isophotes (C0 = 0.5). Similar to NGC 4452,
its luminosity fraction f is about 34%. The disc has a very
low surface brightness (µface−on0,r = 23.11 mag/arcsec
−2), while
the radial extent is quite large for its luminosity (its scale-
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Figure 6. Results of the photometric decomposition of NGC 4452 for the stacked SDSS image: the observation (left), the model (middle)
and the residual image (right), which indicates the relative deviation between the fit and the image.
Figure 7. Stacked Legacy grz image for NGC 4469 (left plot) and its superimposed isophotes from 20 to 26 mag/arcsec2 (right plot).
Figure 8. Results of the IRAF/ELLIPSE fitting for NGC 4469 for
the stacked Legacy image. The galaxy image is rotated so that
the plane of the inner structure is horizontal (the PA offset is
3.8◦). The red line shows the model.
length h = 5.95 kpc is larger than that of our Milky Way,
see van der Kruit & Freeman 2011 and references therein).
According to our decomposition results, the difference be-
tween the position angles for the inner and outer structures
is 3.5◦.
In Fig. 8 we superimpose the results of the
IRAF/ELLIPSE fitting for the model. As one can see, except
for the central region, where the galaxy light is significantly
affected by the dust attenuation (although the dusty patches
were masked out during the fitting), the model follows the
observation fairly well.
Figure 9. Colour (g − z) map based on the Legacy data for
NGC 4469 up to the isophote 26 mag/arcsec2 in the g band.
4 DISCUSSION
In this section we discuss possible reasons of the observed
phenomenon of the tilted discs in NGC 4452 and NGC 4469.
4.1 Tilted disc or warps?
To show that the tilted outer structures in NGC 4452 and
NGC 4469 do not resemble ordinary warps of galactic discs,
we collected the centrelines of 13 galaxies with conspicuous
optical warps from Reshetnikov et al. (2016). These centre-
lines were created for isophotes of 25.5 mag/arcsec2 in the r
band. For the galaxies, which we study in this paper, we also
created centrelines for the same isophote (see Fig. D1). Prior
to that, their stacked images were interpolated in the masked
regions. As one can see in Fig. 11, the centre-lines of the out-
ermost isophotes for the galaxies with tilted outer structures
are virtually straight lines (their position angles are constant
with radius), except that NGC 4452 shows some warping
far from the galaxy centre, whereas the centre-lines for the
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Figure 10. Results of the photometric decomposition of NGC 4469 for the stacked SDSS image: the observation (left), the model (middle)
and the residual image (right), which indicates the relative deviation between the fit and the image.
Table 3. Results of the IMFIT fitting NGC 4469 for the stacked
SDSS image. In parentheses we list the IMFIT functions which we
use for describing each galaxy component. The fixed parameters
are marked by *.
Component Parameter Value Units
1. Bulge: PA∗ 90 deg
(Se´rsic)  ∗ 0.0
n 1.27 ± 0.06
µe,r 20.0 ± 0.13 mag/arcsec2
re 4.69 ± 0.49 arcsec
re 0.38 ± 0.04 kpc
f 0.055 ± 0.007
2. Bar: PA 89.9 ± 1.1 deg
(Se´rsic GenEllipse)  0.27 ± 0.01
C0 9.2 ± 3.1
n 0.77 ± 0.22
µe,r 21.17 ± 0.11 mag/arcsec2
re 19.14 ± 5.43 arcsec
re 1.55 ± 0.44 kpc
f 0.221 ± 0.053
3. Ring: PA 90.0 ± 0.5 deg
(Se´rsic GenEllipse)  0.79 ± 0.01
C0 −0.4 ± 0.1
n 0.38 ± 0.07
µe,r 21.27 ± 0.05 mag/arcsec2
re 62.35 ± 7.78 arcsec
re 5.05 ± 0.63 kpc
f 0.387 ± 0.086
4. Disc: PA 93.1 ± 0.4 deg
(Se´rsic GenEllipse)  0.69 ± 0.02
C0 0.5 ± 0.2
n 0.81 ± 0.22
µe,r 23.25 ± 0.19 mag/arcsec2
re 90.25 ± 2.47 arcsec
re 7.31 ± 0.20 kpc
Mr −19.07 ± 0.19 mag
f 0.337 ± 0.035
r28 5.10 ± 0.34 arcmin
r28 24.78 ± 1.67 kpc
galaxies with warps are appreciably curved. In Fig. D1, we
pay your attention that the minor axes of the outermost
isophotes for both galaxies are not perpendicular to their
general galaxy planes (major axes of the inner isophotes).
A more straightforward way to compare the warps from
Reshetnikov et al. (2016) and the “warps” in NGC 4452 and
NGC 4469 is to compare the parameters of their warps, the
warp angle Ψ (an angle measured between the galaxy plane
and the line connecting the galaxy centre and the tips of the
outer 25.5 isophote) and the radius rw where the warp begins
(see Fig. 1). We created centre-lines for each of the isophotes
plotted and then averaged them. That resulted in a final
centre-line which was then fitted with a double piecewise
linear function (see Reshetnikov et al. 2016 for details). In
Fig. D1 by red lines we show the centre-lines for each of the
galaxies. For NGC 4452, we obtained rw = (0.18 ± 0.02) r25,
ΨNW = −7.6◦ (north-west, or left warp), ΨSE = 10.2◦ (south-
east, or right warp). For NGC 4469, rw = (0.60 ± 0.03) r25,
ΨS = −5.5◦ (south, or left warp), ΨN = 5.6◦ (north, or
right warp). For comparison, in Reshetnikov et al. (2016),
〈Ψ〉 = 7.3 ± 6.4◦ and 〈rw〉 = (0.90 ± 0.24) r25. We can see that
the warps in both galaxies start at smaller radii (especially in
NGC 4452) than observed in galaxies with prominent warps.
Also, our models of NGC 4452 and NGC 4469, which do not
imply warping of the outer discs but only their different po-
sition angles with respect to the inner components, describe
the observations fairly well, including the major axis pro-
files, as well as PA, ellipticity and B4 distributions. From
this we can conclude that if the observed outer structures in
NGC 4452 and NGC 4469 truly are genuine disc warps, they
do not appear typical and deserve a special attention in any
event.
4.2 Triaxiality of the outer or inner structure?
Another important issue regarding the tilted structures is
the projection effect, when the galaxy inclination and a spe-
cific orientation of a triaxial component in this galaxy can
give us an illusion that the inner or outer structure is tilted
with respect to the outer or inner galaxy region, respectively.
As NGC 4469 is not a pure edge-on galaxy and has a
bright triaxial bar, the projection effect cannot be neglected.
To show this, we performed numerical simulations to cre-
ate mock galaxies with B/PS bulges (see details in the Ap-
pendix E). By changing the galaxy inclination angle and po-
sition angle of the bar (the angle between the line of nodes
and the line of sight from the galaxy centre to the observer),
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Figure 11. Centre-lines for the galaxies with conspicuous warps
from Reshetnikov et al. (2016) compared to the two galaxies with
tilted outer structures, which we consider in the present paper.
All centre-lines were plotted for isophotes of 25.5 mag/arcsec2 in
the r band and approximated by splines. The x and y dimensions
for each galaxy are normalized by its optical radius r25.
we can indeed find a combination of these two angles, which
gives us an appearance of a galaxy with a tilted inner struc-
ture (see Fig. 12, top lefthand panel). Interestingly, in the
EGIS catalogue we found a galaxy, NGC 3869 (see Fig. 12,
bottom lefthand panel), which resembles the mock galaxy
(Model 1) — its inner structure looks tilted and, moreover,
its X-shape structure seems asymmetric (note that in the
image under the boxy B/PS bulge, there is also a satellite
shown by the blue circle). The distributions of position an-
gle, ellipticity and B4 with radius for NGC 3869 and the
mock galaxy are presented in Fig. E1. Both galaxies show
very similar distributions of these quantities. Therefore, it
is highly likely that the asymmetric view and the tilt of
the inner structure (bar) in NGC 3869 is, in fact, a conse-
quence of a projection effect. A similar effect is observed in
NGC 7332, where we can see a B/PS bulge with relatively
bright ansae (Fig. 12, bottom righthand panel). In another
simulation of ours, Model 2, (Fig. 12, top righthand panel), a
bar with a lens and bright ansea naturally arise in the course
of the model evolution. By changing the galaxy inclination
and position angle of the bar, we can again obtain a pro-
jection where the inner structure is inclined with respect to
the disc. NGC 7332 was noted by Michard & Marchal (1993)
among other 10 galaxies with tilted inner structures. Most
of these galaxies also harbour bars, therefore the observed
tilting in these galaxies can probably be explained by the
same effect of projection, as in the case of NGC 3869 and
NGC 7332. For a pedagogical purpose, in Appendix A we
discuss another galaxy, NGC509 from the HERON sample.
This galaxy was initially selected for this paper as a galaxy
with a tilted outer structure, but after a careful investigation
we rejected it because its orientation is far from edge-on.
As to NGC 4469, apart from the B/PS bulge it has an
inner ring-like structure. As this structure should, in princi-
ple, be almost round (inner rings typically have axial ratios
of 0.8 − 0.85, see e.g. Buta 1995; Kormendy 2013; Comero´n
et al. 2014), the orientation of its major axis should not
strongly depend on the galaxy inclination and the position
angle of the bar.
We note, however, that not only bars, bulges and lenses
can be triaxial structures (Kormendy 1979; Me´ndez-Abreu
et al. 2010; Sotnikova et al. 2012; Costantin et al. 2018), but
also large-scale discs. For example, in the lenticular galaxy
NGC 5485 Sil’chenko (2016) found a non-circular stellar ex-
ponential disc with a highly noncircular stellar rotation.
Also, she detected two wide elliptical stellar rings in the un-
barred lenticular galaxy NGC 502, which might be formed
due to a dry minor merging. Galaxies with such oval distor-
tions or elliptical discs may be not so rare.
The triaxiality of the stellar haloes is still under ques-
tion. For example, haloes in hybrid semianalytic plus N-body
models by Bullock & Johnston (2005) are oblate (see also
Bell et al. 2008), whereas Cooper et al. (2010) find triaxial
haloes in their N-body only simulations of Milky Way-mass
galaxies (see also Bailin et al. 2014). In recent large vol-
ume cosmological hydrodynamical simulation Illustris (Vo-
gelsberger et al. 2014), Elias et al. (2018) found triaxial stel-
lar haloes in galaxies with a wide range of the stellar halo
fraction: 0.6 . b/a . 1.0 and 0.4 . c/a . 0.9 (in their
notation, a, b, c are the major to minor principal axes of
the inertia tensor for the stars). However, they concluded
that the simulated halos can be fairly oblate, with median
〈b/a〉 ∼ 0.9 and 〈c/a〉 ∼ 0.5. Monachesi et al. (2019) came
to the same conclusion: they studied halo global properties
in the Auriga cosmological magneto-hydrodynamical high-
resolution simulations of Milky Way-mass galaxies (Grand
et al. 2017): most of the Auriga haloes appeared to be oblate
spheroids as well.
For the Milky Way, it has been well-established that
the shape of the stellar halo is an oblate, not a triaxial
spheroid (Yanny et al. 2000; Larsen & Humphreys 2003;
Juric´ et al. 2008; Deason et al. 2011). Observationally, it
is shown that the stellar haloes are moderately flattened
spheroids (c/a ∼ 0.6 with a considerable range) with surface
brightness distributions that are well described by a r−α law,
where the power slope α is usually found to be 2–4 (see e.g.
Zibetti & Ferguson 2004; Harmsen et al. 2017), supported
by cosmological hydrodynamical simulations by Font et al.
(2011).
In conclusion, if we assume that the outer component
in NGC 4469 has a triaxial shape (although the observations
show that the outer structures in disc galaxies are more likely
to be oblate spheroids), whether it is a thick disc or a bright
flattened exponential halo, its triaxiality may be responsible
for the observed difference in the position angles of the inner
and outer structures.
4.3 Misalignment between angular momenta of
the disc and dark matter halo
Now let us turn to some possible explanations of the ob-
served phenomenon of the tilted outer structures if we sup-
pose that they are real and not due to a projection effect.
There is every reason to expect (see e.g. Dekel & Shlos-
man 1983; Ostriker & Binney 1989; Katz & Gunn 1991; Bin-
ney 1992; Dubinski & Kuijken 1995; Shen & Sellwood 2006;
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Figure 12. Top panels: Two different simulations of galaxies with the specific inclinations and position angles of the bar/bar plus the
lens, which illustrate the effect of the “inner tilting”. Bottom panels: Real galaxies which demonstrate the same effect. The blue circle
shows a satellite.
van der Kruit & Freeman 2011) that the baryons that end
up in the inner parts of a galaxy disc get accreted with an
angular momentum vector (1) that is different from that of
the dark matter that is accreted from the cosmic web and
that lands farther out, (2) that is different from that of bary-
onic gas that cools from the warm-hot intergalactic medium
(see also Dave´ et al. 2001) and that lands in an outer disc,
and (3) that is different from that of any satellites made
of dark matter and baryons that may be accreted at large
radii into the outer disc and/or the dark halo. Cosmologi-
cal, hydrodynamic simulations show that angular momen-
tum vectors of the gas and dark matter in haloes tend to
be misaligned (van den Bosch et al. 2002; Chen et al. 2003;
Sharma & Steinmetz 2005; Sharma et al. 2012). All these
processes can induce tilting of the outer structure with re-
spect to the inner one. Therefore, misalignments of main
discs with outer discs whose inclinations reflect the gravity
of misaligned outer dark matter haloes are certainly to be
expected. However, as observationally we find few galaxies
with tilted outer structures, these mechanisms should not be
very important for inducing the tilts which can be directly
observed (see also below).
4.4 Dark matter halo tumbling
As shown in a number of early (Binney 1978; Barnes & Ef-
stathiou 1987; Frenk et al. 1988; Warren et al. 1992; Jing
et al. 1995; Thomas et al. 1998; Yoshida et al. 2000) and
more recent works (Bryan et al. 2013; Zhu et al. 2016), dark
matter haloes are generally triaxial (see the review by Zasov
et al. 2017). The flattened potential of triaxial haloes can
induce oval distortions and non-circular velocities (Hayashi
et al. 2007) which can be quite strong in dwarf (Valenzuela
et al. 2007) and low-surface brightness galaxies (Hayashi &
Navarro 2006). Its triaxiality can rapidly change over time
Vera-Ciro et al. (2011) — this can impart a significant ex-
ternal torque on the galaxy disc. Dubinski & Chakrabarty
(2009) performed N-body simulations and considered the in-
ner part of the dark matter to be aligned with the disc, while
the outer dark matter halo is misaligned and slowly tum-
bling. They found that the misaligned and tumbling outer
halo causes a slowly changing external torque on the disc
and that, in its turn, induces long-lived transient warps and
tilting (see also Toomre 1983; Sparke & Casertano 1988; Os-
triker & Binney 1989; Kuijken 1991; Debattista & Sellwood
1999; Jiang & Binney 1999), bar instabilities (Dubinski &
Chakrabarty 2009) and spiral structure (see also Khoper-
skov et al. 2013; Khoperskov & Bertin 2015; Hu & Sijacki
2016). Therefore, this effect can be at play to explain the
observed tilting in the galaxies under study. Unfortunately,
this mechanism cannot be verified observationally. Also, the
recent study by Earp et al. (2019) showed that the dark
matter halo by itself does not play a significant role in the
disc tilting.
4.5 Accretion
S0 galaxies are often thought to be red and dead systems
without current star formation. However, this claim has
been challenged and evaluated in multiple studies of S0
galaxies (see e.g. recent studies by Kostiuk & Sil’chenko
2015; Sil’chenko et al. 2018; Proshina et al. 2019; Sil’chenko
et al. 2019; Proshina et al. 2020). In recent study, for ex-
ample, Proshina et al. (2020) considered the ring S0 galaxy
NGC 4513. They found that its ionized gas counterrotates
the stellar component and, therefore, it was accreted. They
concluded that its blue ring, demonstrating current star for-
mation, is a result of tidal disruption of a massive gas-rich
neighbour in the past, or it may be a consequence of a long
star-formation event provoked by a gas accretion from a cos-
mological filament. Strongly inclined ionized gas discs, ob-
served in many S0 galaxies (Katkov et al. 2015; Sil’chenko
et al. 2019), is another evidence of the external gas supply.
As Sil’chenko et al. (2019) claim, “a crucial difference of the
accretion regime in S0s with respect to spirals: the geometry
of gas accretion in S0s is typically off-plane”.
Recent accretion of a gas-rich satellite in the case of
NGC 4452 seems to be impossible by two reasons. First, most
galaxies in the central region of the Virgo cluster are gas-
poor galaxies due to, for example, ram pressure stripping.
Second, the velocity dispersion of galaxies in a cluster is very
high (approximately, up to several thousands of km/sec).
Therefore, a fast encounter does not result in merging, but
in galaxy harassment (see Sect. 4.6).
In the case of NGC 4469, which is located quite far from
the Virgo centre, an accretion of one or a few gas-rich dwarfs
might happened several Gyr ago. One of such events can be
responsible for a fairly blue ring in this galaxy.
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Another possible scenario to form tilted structures
might be gas accretion via cosmological filaments when thin
filaments come into a galaxy under some angle and make an
inclined gaseous disc (Thakar & Ryden 1996, 1998; Keresˇ
et al. 2005; Dekel & Birnboim 2006) with ongoing star for-
mation. However, in the presence of X-ray emitting, hot
gas in the Virgo cluster (especially in its central part where
NGC 4452 resides), it is hard to explain how gas accretion
via filaments can act in such harsh conditions.
4.6 Tidally-induced tilts and warps
We suppose that the most plausible explanation of the ob-
served tilted discs in NGC 4452 and NGC 4469 is galaxy ha-
rassment when high-speed encounters of galaxies in a cluster
do not result in a merger but significantly affect the shape
(and morphology) of the interacting galaxies which cause the
discs to warp and tilt. Numerical and cosmological simula-
tions support this mechanism (Vesperini & Weinberg 2000;
Kim et al. 2014; Semczuk et al. 2020).
As Kormendy & Bender (2012) noted, similar to
NGC 4762, the outer disc in NGC 4452 is thick, warped, and
tidally distorted. This could have been caused by a gravi-
tational encounter with IC 3381. Note that twists of outer
isophotes, observed in some galaxies, can be the result of
tidal effects (see e.g the case of NGC 205 in the vicinity of
M 31, Kormendy 1982). Therefore, if we had observed the
same galaxies from the edge, their outer structure would
have appeared tilted with respect to the inner one.
The tilt of the outer structure in NGC 4469 can have
the same reason. Galaxy harassment has plausibly heated
the outer disc of NGC 4469 (meanwhile the bar has almost
inevitably heated the inner disc), with time now for all the
heating to have phase-mixed around the galaxy, leaving the
disc thicker and very likely tilted with respect to the inner
disc.
Circumstantial evidence of this mechanism in NGC 4452
and NGC 4469 can be the presence of disc antitruncations
in both galaxies (see Fig. C1). As shown in multiple studies
(see e.g. Erwin et al. 2005, 2008), disc antitruncations can
be produced by galaxy interactions.
Why is the effect of the tilting so rare (only three galax-
ies, including NGC 4638, have been noticed so far)? This
is one of few studies (see also Michard & Marchal 1993;
Mosenkov et al. 2020) where we observationally confirm this
phenomenon, whereas the disc flaring, warping and lopsid-
edness are often seen in edge-on galaxies and have been ex-
tensively studied for decades (Sancisi 1976; Reshetnikov &
Combes 1998; Jog & Combes 2009; Comero´n et al. 2011;
Lo´pez-Corredoira & Molgo´ 2014; Reshetnikov et al. 2016).
The main reason of the lack of observational evidence of
tilted discs and haloes is that these outer structures are not
well seen in regular images, whereas in deep observations
we can better visualize faint structures, including tilted en-
velopes. We suppose that this phenomenon should be com-
mon in dense massive galaxy clusters. Apparently, the num-
ber of galaxies with tilted structures will increase, as more
and more deep observations of galaxies become available.
5 CONCLUSIONS
In this paper, we have considered two moderate-luminosity
SB0 galaxies with prominent tilted outer structures. Using
different optical images (SDSS and Legacy) and by means
of the stacking of the galaxy images in different bands, we
were able to increase the depth of the resultant images up
to 28.3 mag/arcsec2 for the Legacy and 27.6 for the SDSS
survey. We performed isophote fitting and a complex pho-
tometric decomposition for each galaxy. Based on the ob-
tained results, we report that these galaxies plausibly show
a real tilting of the outer structure with respect to the in-
ner region (i.e. the outer and inner structures are oriented
in different, tilted planes), which cannot be only explained
by disc warps (though this effect can also be present). For
NGC,4452 we obtained ∆PA ≈ 6◦, whereas for NGC 4469 the
tilt is lower but still prominent (∆PA ≈ 3◦). The outer discs
in these galaxies have completely different shapes (discy, or
diamond-like, in NGC 4452 and boxy in NGC 4469).
We propose that some combination of a single high
speed encounter and the cumulative effect of galaxy harass-
ment (in different proportions), which can distort and tilt
the outer galaxy structure in a cluster, is a more plausi-
ble explanation of the observed phenomenon of disc tilting
in both galaxies. Another important scenario can be mis-
alignment of the triaxial (oblate) dark matter halo and its
inner stellar disc simply because of how dark matter haloes
grow out of the cosmic hierarchy. In addition to that, the
tumbling of the dark matter halo might be enhanced by a
fast encounter several Gyr ago, which would cause the outer
disc to tilt. Also, for NGC 4469, another explanation of the
observed tilt, which cannot be rejected, unless a thorough
kinematic study is carried out, is a possible triaxiality of an
outer disc (or flat halo) in a highly inclined (but not purely
edge-on) galaxy. In spite of the slightly blue colour of the
tilted outer structures in both galaxies (NGC 4469 also har-
bours a blueish inner structure, possibly, a ring), which can
be evidence of ongoing star formation from the gas captured
due to accretion of several gas-rich dwarfs several Gyr ago,
this mechanism seems to be far less likely to form a tilted
outer structure (especially for NGC 4452) in the troublesome
Virgo cluster where encounters are too fast for accretion to
occur.
In our future paper, we are about to study the nature of
the main structural components in NGC 4469 and NGC 4452
using deep 21 cm Hi observations, optical spectral observa-
tions, and kinematic measurements.
Using numerical simulations, we also showed that tilted
inner structures may be well explained by a specific galaxy
inclination, together with a specific orientation of a triax-
ial inner component (bar, bulge, lens) with respect to the
observer.
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APPENDIX A: NGC509
Here we consider an initially selected “edge-on” galaxy with
a tilted outer structure, NGC 509. In Fig. A1 you can see its
deep image which reveals an incredibly tilted halo (or thick
disc) with respect to the stellar disc.
However, after a careful investigation, we concluded
that NGC 509 cannot be treated as an edge-on galaxy with
an inclined bright halo (or thick disc?). The kinematical
tilted-ring analysis of the 2D stellar velocity field, provided
by the ATLAS-3D survey (Cappellari et al. 2011), reveals
that the disc inclination is equal to approximately 65◦. It
also reveals the bar-induced non-circular stellar rotation.
The blue feature inside the thin inner disc is probably a
bar with blue ansae (see Fig. A2). The true disc is seen be-
yond the bar, it has a photometrically implied orientation
of the line of nodes equal to PA=97◦. If we inspect Fig. A3,
where we compare the photometric and kinematical major
axes in the centre of NGC 509 with the line of nodes for
the outer disc (general plane of the galaxy), we can see that
the photometric and kinematical major axes deviate from
the line of nodes in different directions. Such a behaviour
is predicted by dynamical simulations of star rotation in a
non-axisymmetrical potential: the zero-velocity line, while
in an axisymmetrical potential, traces the isophote minor
axis, but in the bar-dominated potential it turns along the
bar (Vauterin & Dejonghe 1997). This means that the zero-
velocity line tends to align with the major axis of the bar
(photometric major axis of NGC 509), whereas the kinemat-
ical major axis looks oriented perpendicular to the bar ma-
jor axis. This proves that NGC 509 is indeed a barred galaxy
with a rather moderate inclination to the line of sight. There-
fore its “tilted” outer structure is in fact a consequence of
the galaxy inclination and the bar orientation with respect
to the observer.
APPENDIX B: RADIAL COLOUR PROFILES
APPENDIX C: MAJOR-AXIS PROFILES
APPENDIX D: CHARACTERISTICS OF
WARPS
APPENDIX E: SIMULATIONS OF GALAXIES
WITH BARS
Here we briefly describe the details of our simulations which
we use in Sect. 4. To create the initial equilibrium state,
we used a script for constructing the equilibrium multicom-
ponent model of a galaxy mkgalaxy (McMillan & Dehnen
2007) from the toolbox for N-body simulation NEMO (Teuben
1995). We considered two models; each model consisted of
an exponential disc isothermal in the vertical direction,
ρ(R, z) = Md
8pih2z0
· exp(−R/h) · sech2(z/(2z0)) , (E1)
and a dark halo of NWF profile (Navarro et al. 1996)
represented by a set of particles with Nd = 4 · 106 and
Nh = 4.5 · 106, respectively. The radial velocity dispersion
profile of the disc was chosen to obey an exponential law,
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Figure A1. Stacked Legacy grz image for NGC 509 (left plot) and its superimposed isophotes from 20 to 26 mag/arcsec2 (right plot)
Figure A2. The contrast-enhanced snapshot image of NGC 509
based on a SDSS color image.
σR = σ0 · exp(−R/2h), where the σ0 value follows from the
condition on the Toomre value parameter at R = 2h, Q(2h) =
Q0. First model (Model 1) considered has a relatively thin,
cool (in a dynamical sense) and rather massive initial disc
with z0 = 0.025 h, Q0 = 1.2 and Mhalo(R < 4h)/Md = 1. The
second one (Model 2) has a thicker, hotter and lighter disc
with z0 = 0.05 h, Q0 = 2.0 and Mhalo(R < 4h)/Md = 1.5. The
simulations were carried out in a self-consistent manner, that
is, both the disc and the halo were allowed to evolve under
the influence of their mutual gravitational field. The equa-
tions of motions were solved by the fast numerical integrator
gyrfalcON (Dehnen 2002) for about 6 Gyr with an adaptive
time step with the maximal value of about 2·10−3 Gyrs. Both
models developed a strong bar which have a B/PS bulge ap-
pearance if seen edge-on. Model images presented in Fig. 12
Figure A3. The results of the tilted-ring analysis for the
SAURON stellar velocity field. The orientation of the kinemati-
cal major axis is shown by large squares in comparison with the
photometric major axis (asterisks, the SDSS r band) and with
the outer disc line of nodes (blue dashed line).
are obtained by rotations of the bar major axis and the disc
plane, and integrating the density of the luminous matter
along the line of sight. In Fig. E1 we present the results of
the IRAF/ELLIPSE fitting for NGC 3869 and the Model 1 im-
age. We can observe a change of the position angle in the
inner region, where the B/PS bulge dominates (B4 < 0), by
approximately 7◦ for NGC 3869 and 10◦ for Model 1. Also,
note similar behaviours of all light distributions for both
galaxies.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure B1. Radial colour profiles for NGC 4452 (the lafthand plot) and NGC 4469 (right plot), which were created based on the Legacy
data.
Figure C1. Photometric cuts along the major axes of the outer discs for NGC 4452 (left plot) and NGC 4469 (right plot) with the
superimposed corresponding decomposition models.
Figure D1. Contour maps for NGC 4452 (left plot) and NGC 4469 (right plot). The red lines correspond to the best fits of the centre-
lines, based on all isophotes, with piecewise linear functions. The outermost isophote in each plot is of 25.5 mag/arcsec2, with the blue
line, which represents the centre-line of this isophote.
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Figure E1. Results of the IRAF/ELLIPSE fitting for NGC 3869 (left plot) and the Model 1 (right plot).
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